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The structure and phase behavior of liquid-mercury-supported molecular films of fatty acids
(CH3(CH2)n-2COOH, denoted CnOOH) were studied for molecular lengths 7 e n e 24, by surface tensiometry
and X-ray methods. Two qualitatively different film structures were found, depending on coverage. For
high coverage, the film consists of a monolayer of roughly surface-normal molecules, showing a pressure-
dependent sequence of structures similar, though not identical, to that of the corresponding water-supported
Langmuir films. At low coverage, phases consisting of surface-parallel molecules are found, not observed
on the aqueous subphases employed to date. In this range, a two-dimensional (2D) gas followed by a single
and, for 14 e n e 24, also by a double layer of surface-parallel molecules is found as coverage is increased.
Depending on chain length, the flat-lying phases have a crystalline 2D-ordered, a smectic-like 1D-ordered,
or a disordered in-plane structure consisting of molecular dimers. The structure and thermodynamics of
the films are discussed.

I. Introduction

Langmuir monolayers of fatty acids on water served as
the model of choice for studies of Langmuir films since the
first quantitative measurements of Agnes Pockels on
stearic acid over a century ago.1 Naturally, they have been
also among the first three Langmuir monolayers studies
by X-ray methods, published contemporaneously in 1987.2
Langmuir films were, and are, extensively studied in
physics as a model for two-dimensional matter,3 in biology
as a model for the cell membrane, and in chemistry as
templates for oriented growth of crystals from solutions,4
etc. They are being currently studied also as means for
nanoengineering in general and nanopatterning of sur-
faces in particular, for studies of self-assembly of su-
pramolecular structures, and as a promising route for
constructing few-molecule electronic devices.3,5

The vast majority of all experimental studies of Lang-
muir films over the last century employed a variety of
macroscopic methods. Surface tensiometry, the most
prominent of these methods, provides a description of the
surface thermodynamics through surface pressure
(π)-molecular area (A) isotherms.6 With the advent of

synchrotron-based liquid surface X-ray scattering tech-
niques,7-10 it became possible to study the structure of
these films in situ with ångström scale resolution. Over
the last two decades, these X-ray methods have been
employed in studies of many Langmuir films.3,8,10-12 The
structure of fatty acid Langmuir films on aqueous sub-
phases, in particular, was investigated in detail as a
function of chain length and temperature.3 Peterson and
co-workers13 were able to show that as far as the phase
diagram is concerned, a decrease in temperature is
equivalent to an increase in chain length in these films.
Once this effect is accounted for quantitatively, the phase
diagrams of fatty acids of all chain lengths were found to
merge into one “universal” phase diagram. The rich phase
diagram which emerged from these experimental studies
supported a detailed theoretical description and inter-
pretation within a Landau-type mean-field theory by
Kaganer and Luginov.14 Despite this great progress, new
phases, like a phase with an intermediate tilt between
nearest- and next-nearest neighbor directions,15 and novel
effects, like a shift in the phase boundaries upon the tuning
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Helm, C. A.; Laxhuber, L. A.; Möhwald, H. Phys. Rev. Lett. 1987, 58,
2224. Dutta, P.; Peng, J. B.; Lin, B.; Ketterson, J. B.; Prakash, M.;
Georgopoulos, P.; Ehrlich, S. Phys. Rev. Lett. 1987, 58, 2228.
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of the interactions between the headgroups,16 are still
being discovered. Further details of the plethora of results
obtained for fatty acids on aqueous solutions can be found
in several excellent reviews published over the past
decade.3,4,8,11

Until recently, all X-ray studies of Langmuir films were
carried out on aqueous subphases. On such subphases,
the strong hydrophobic repulsion of the fatty acid’s tail
from the surface invariably orients the molecules roughly
along, or slightly tilted from, the surface normal. To the
best of our knowledge, the only nonaqueous subphase
employed in X-ray studies of a Langmuir film is forma-
mide,11,17,18 which is also polar and induces the same
surface-normal molecular orientation. To investigate the
role of the molecules’ interaction with the subphase in the
determination of the Langmuir film’s structure, we have
undertaken to study the structure of Langmuir films of
organic molecules on mercury. Mercury does not induce
a hydrophobic repulsion of the chains from the surface
but rather provides an attractive interaction with the
chains. It also does not provide a hydration shell for ionic
headgroups. It has several technical advantages over
water. The high surface energy of mercury, ∼500 mJ/m2,
as compared to that of water, 72 mJ/m2, enhances the
spreadability of films and allows spreading of molecules
that are not readily, or not at all, spreadable on water.
The practically zero solubilities of all organic compounds,
and most inorganic ones, in mercury allows investigation
of Langmuir films of compounds which cannot be studied
on water due to their high water solubility. As shown
below, the higher surface tension of mercury also allows
extension of the X-ray reflectivity measurements to 4-fold
larger scattering vectors, yielding a commensurately
higher resolution as compared to those achievable on
water. The important differences in both tail and head-
group interactions with the subphase enables investiga-
tions over a considerably broader scope of properties of
Langmuir films than those available in Langmuir films
on aqueous subphases only. This should provide for a
deeper insight into the role of the subphase in forming the
structure and phase diagram of Langmuir films.

Knowing the surface structure of bare mercury is a
prerequisite for any study of mercury-supported Langmuir
films. We have determined this structure with subång-
ström resolution a few years ago,19 using surface X-ray
techniques. This was followed by a study of dense self-
assembled alkanethiol monolayers20 and multilayers21 on
the surface of mercury. Very recently we presented results
for stearic acid on mercury22 and a systematic study of the
chain length variation of the structure and phase diagram
of Langmuir films of alkanes on mercury.23 For both fatty
acids and alkanes, the attractive interaction of the alkyl
tail with the subphase induces, at low coverages, new
phases comprising surface-parallel molecules, not ob-

served on water. For alkanes only surface-parallel phases
(of up to three layers) are found for all chain lengths. In
contrast, stearic acid on mercury exhibits phases with
surface parallel molecules at low coverages and phases
with surface-normal molecules at high coverages.22 The
surface-normal phases have structures very similar to
those of stearic acid on water. A schematic view of the
real-space structure of the various surface-normal and
surface-parallel phases found for C18OOH for different
coverages is shown in Figure 1. Two surface-parallel
phases, a single layer (SL) and a double layer (DL), are
shown as well as two surface normal phases, one tilted
(Ov) and one untilted (LS).

We present here a systematic study of the chain length
dependence of the structure and phase diagram of fatty
acids on mercury for a range of chain lengths and surface
coverages, as well as first results on their temperature
dependence.

Finally, self-assembled layers (SAMs) of organics on
solid substrates, mostly alkanethiols on gold, have been
investigated extensively by X-ray, and other, methods,24-27

and surface-parallel phases were found at certain coverage
ranges. These SAMs should be, however, clearly distin-
guished from Langmuir films on a liquid substrate. While
on a solid substrate the SAMs structure is largely
determined by its epitaxy to the structure of the under-
laying solid, on a liquid mercury subphase the film’s
molecules are not confined to lattice sites. Thus, varying
the coverage is considerably simpler, and more accurate,
on a liquid surface than on a solid one. More importantly,
in the most extensively studied SAMs by far, alkanethiols
on gold, the crystalline structure of the gold surface was
found to determine the SAMs structure by epitaxy, both
in the surface-normal26 and the surface-parallel27 phases.
Since no static corrugation potential exists for a liquid
surface like mercury, such epitaxy of the organic mono-
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Figure 1. Schematic real space model of a Langmuir film of
stearic acid on mercury. With increasing coverage stearic acid
shows successively a single (SL) and a double (DL) layer of
lying-down molecules, a tilted phase of standing-up molecules
(Ov) and an untilted phase of standing-up molecules (LS).
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layer to the structure of the subphase does not occur,
resulting in less constraints for the emergence of different
types of lateral order in the film.

II. Experiment
The experimental methods are discussed in detail in a previous

publication.23 Thus, only a summary is given here.
A. The Langmuir Trough. A specially designed Langmuir

trough, suitable for simultaneous film balance and X-ray studies,
was used. It consisted of a 175 × 65 × 3.5 mm3 KelF trough,
enclosed in a hermetically sealed aluminum box. The box was
filled with either helium (in X-ray measurements) or nitrogen
(for surface tension measurements) to minimize mercury oxida-
tion and air scatter during experiments. The temperature of the
mercury is controllable to (0.2 °C by a water circulator.

The surface tension was measured using the Wilhelmy plate
method, employing an Hg-amalgamated platinum plate and a
homemade balance based on an linear variable differential
transformer (LVDT).

B.Materials.Tripledistilled,99.999%mercurywaspurchased
from Merck. Fatty acids were purchased from Fluka or Aldrich
and were at least 99% pure. All materials were used as received
without further purification. Standard solutions were prepared
with molarities in the range of (3-8) × 10-4 using HPLC grade,
99.9% pure chloroform.

C. Measurement Methods. 1. Surface Pressure-Molec-
ular Area Isotherms. The surface pressure, π ) σ0 - σ, the
difference between the surface tension of the bare (σ0) and the
film-covered (σ) mercury varies with the surface coverage, A, the
area per molecule.6 Features in the π vs A isotherm curve (e.g.,
kinks, plateaus, etc.) reveal the occurrence of structural changes
in the film as the coverage A is varied.

Since a well-sealing barrier is notoriously difficult to construct
for mercury,28 the coverage was increased not by barrier
compression but rather by a stepwise addition of standard
solution, employing a calibrated micropipet. In each step material
was added only after a full pressure equilibration of the previous
step was reached.23

2. X-ray Measurements. The structure of the deposited films
was studied at several coverages using surface-specific X-ray
techniques. These were done using the Harvard/BNL liquid
surface spectrometer at beamline X22B, NSLS, Brookhaven
National Laboratory, U.S.A., at wavelengths of λ ) 1.55-1.58
Å. The trough was mounted on an active vibration isolation unit,
attached to the spectrometer. This arrangement effectively
eliminatespickupofvibrations fromthe environment,19,20,23 which
plagued early X-ray surface studies of mercury.29

The X-ray methods used here have been discussed in detail.3,9,30

The surface-normal structure was studied by X-ray reflectivity
(XR) measurements, R(qz), done by varying the surface-normal
momentum transfer qz ) (2π/λ)(sin R + sin â) where R is the
grazing angle of incidence of the X-ray beam and â is the grazing
angle of detection. Grazing incidence diffraction (GID) was
measured by varying the surface-parallel momentum transfer
q| ) (2π/λ)(cos2 R + cos2 â - 2 cos R cos â cos 2θ)1/2 ≈ (4π/λ)
sin(2θ/2) by scanning the detector out of the reflection plane by
an angle 2θ at incidence angles R < Rc, where Rc is the critical
angle for total external reflection. The GID measurements
provided information on the surface-parallel structure. Bragg-
rod (BR) measurements (the surface-normal distribution of the
diffracted intensity at the 2θ positions of the GID diffraction
peaks) yielded information on the molecular tilt magnitude and
direction. To minimize beam damage, X-ray exposure times were
minimized by using an automatic shutter, which was opened
only for counting, and kept closed during spectrometer move-
ments, wait times, etc.

3. X-ray Reflectivity Modeling. The details of the modeling
are given in ref 23. The box model that was used in the previous

studies of alkanes on mercury was also used here. We experi-
mented with a variety of different combinations of fixed and
varying parameters before settling on the following specifics.
The layered mercury surface19 was represented by six boxes,
each having a fixed width of 1.3 Å (half the liquid mercury layer
spacing), and a fixed interface roughness of 0.7 Å. The electron
density of each box was varied in the fit, except for the topmost
one, which was kept fixed at 5.5 e/Å3. In view of the fact that for
this study the maximum value of qz was of the order of 1.5-1.7
Å-1, which is significantly less than the maximal 2.5 Å-1 used
in our detailed study of the bare mercury surface,19 the model
employed here is slightly less general. Nevertheless, our model
yields a good fit to the reflectivity curves of the bare, and the
fatty acid covered, mercury surface measured in this qz range,
and the fit-obtained mercury layering profile is very close to
those of the earlier studies.19,23,31

The fatty acid layers were also represented by boxes. For the
lying-down phases, for each layer a single box with an electron
density of F ) 0.30 electrons/Å3 was found to fit the measured
R(qz) well. For the standing-up phases two boxes were used,
representing the alkyl chain (with the same F ) 0.30 electrons/
Å3) and the carboxyl headgroup (with a fixed electron density of
0.46 electrons/Å3 and a width of 2.5 Å). The thicknesses of the
boxes of the lying down phase were first fitted freely and then
fixed at the average values of 4.8 Å for a single layer and 9.6 Å
for a double layer.

The Parrat matrix method32 was employed to fit the measured
R(qz) data. When we had two phases in coexistence with each
other, e.g., a phase of standing-up molecules in coexistence with
a phase of lying-down molecules, we fitted the measured XR by
a sum of the model intensities reflected from each phase. As
demonstrated by the results discussed below, and by our previous
studies using the same method,23,31 the model and strategy
employed here yield good fits to the measurements. Consistent
trends are obtained in the fitted parameter values with coverage.
At the same time, the number of fit parameters is kept down to
a manageable number and the interparameter correlations to a
minimum. This lends confidence in the results and conclusions
discussed below.

Further details on the trough, the measurement procedures,
and data analysis methods are given in ref 23.

III. Results: Surface Pressure-Area Isotherms
Themeasuredsurfacepressure-area isotherms for fatty

acids of several chain lengths, 7 e n e 24, are shown in
Figure 2. The various parameter values derived from the
isotherms are listed in Table 1. The isotherms were all
measured at a temperature T ) 23 °C. A smooth solid line
connects the measured points (open circles). The dashed
lines at large molecular areas are fits by the Volmer
equation, π(A - A1) ) kBT, the ideal gas law in two
dimensions for molecules of a nonzero area A1. Although
the fit is not perfect, the agreement of all isotherms with
the Volmer equation is reasonable, in the sense that the
exclusion areas A1 obtained from the fits (shown in Figure
3 and listed in Table 1) are close, within their admittedly
rather large experimental uncertainties, to the calculated
area occupied by a flat lying molecule, A1

calc ) 4.8(1.265n
+ 1.86) Å2/molecule, obtained from the width, w ≈ 4.8 Å,22

and length, l ≈ 1.265n + 1.86 Å33 of a CnOOH molecule.
A linear fit, shown in a solid line in Figure 3, to the
measured A1 values yields A1 ) [(6.5 ( 0.4)n + (0.1 ( 6)]
Å2/molecule, again, very close to the A1

calc values, shown
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as a dash line in Figure 3. A similar agreement of the
Volmer equation with the measured isotherms, and of A1
with A1

calc, was also observed for alkanes on mercury34

and for C18OOH on mercury.22 There, as here, this
agreement is interpreted as indicating that the Langmuir
film in the low coverage regime consists of a “gas” of flat-
lying molecules. This conclusion is supported by the X-ray
results to be described below. While it is possible, and
even plausible, that in the low coverage region, A . A1,
the “gas” phase actually consists of at least two A-
dependent phases, quasi-2D gas and liquid, rather than
a single “gas” phase, our surface pressure and X-ray
measurements did not reveal any features that could be
associated with transitions between such phases. Further
measurements, in particular high-resolution isotherm
measurements, are required to elucidate the structure of
the Langmuir film in this regime.

Fits to the two-dimensional van der Waals equation35

(π + a/A2)(A - AvdW) ) kBT, with the interaction parameter
a and the exclusion area AvdW, were only marginally better
and resulted in practically the same exclusion area as for

the simpler Volmer equation. Thus, both Volmer and van
der Waals equations yield here an exclusion area A1 ≈
A1

calc rather than the A1 ≈ 2A1
calc expected for a hard-disk

liquid.35 This effect, found also for Langmuir films on
water, was addressed in a number of theoretical36,37 and
experimental38 studies. The a values obtained from the
fit exhibit a large scatter, as neither the van der Waals
nor the Volmer equations of state follow closely enough
the measured isotherms. The force constant of the long-
distance molecular pair interaction should be related, in
principle, to a. However, a reliable extraction of the force
constant of any pair potential from the isotherms requires
a better-fitting state equation, a more realistic effective
pair potential (which will account for the chain-chain,
the chain-headgroup, and the headgroup-headrgroup
interactions), and the derivation of an expression relating
the force constant and the interaction parameter for the
specific choices of potential and state equation.

As we show below, the X-ray results reveal that the 2D
gas at large A consists, at least for the longer molecules,
of molecular dimers rather than single molecules. We have
therefore carried out also fits assuming dimers rather
than monomers as the basic structural units. These fits
yielded slightly larger molecular exclusion areas, Ad/2 )
[(6.6 ( 0.3)n + (5 ( 6)] Å2/molecule (see Table 1). These
larger areas are more consistent with the lengths of the
dimers derived from the X-ray measurements discussed
below.

For coverages higher than the bend in the isotherm,
i.e., A < A1, three qualitatively different types of behavior
are observed in the isotherms, depending on the molecular
length n. For 14 e n e 24, we find the same behavior
which was observed in our study of stearic acid on
mercury.22 As A is reduced from A1, we first obtain a
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the graphic similarity with our isotherms, our A1 does not correspond
to Ac in these studies, but rather to A0 and ω, respectively, i.e., the area
occupied by a single molecule at the monolayer’s most compressed state.
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Figure 2. Surface pressure (π)-area per molecule (A) iso-
therms for fatty acids of different chain lengths 7 e n e 24
(solid lines + points), shifted for clarity by π ) 5 mN/m each.
The fit to the Volmer equation is shown in dashed lines.

Table 1. Exclusion Areas for Fatty Acids of Chain
Lengths n As Obtained from Fits of the Measured

Isotherms by the Volmer Equation Assuming Monomers,
A1, and Dimers, Ad/2, and by the van der Waals Equation,

AvdW
a

Å2/molecule mN/m

n A1 AvdW Ad/2 A1
calc A2 π1 π2 πc

7 23(5) 27 32 51.4 11 38
8 41(6) 46 49 57.5 20 42

10 68(7) 69 74 69.6 26 37
12 80(7) 80 86 81.8 33 52
14 83(7) 85 91 93.9 45(5) 39 46 49
18 115(8) 118 124 118.2 62(5) 41 47 50
20 130(10) 132 141 130.4 71(6) 39 45 49
24 157(10) 157 162 154.7 76(7) 38 46 53

a The experimental uncertainty is given in parentheses. The area
occupied by a flat-lying molecule as calculated from its geometrical
dimensions, A1

calc, and the area at the beginning of the second
plateau A2 (as observed in the isotherm) are also listed. The surface
pressures, π1 and π2 at A1 and A2, respectively, and the collapse
pressure, πc, are also given.

Figure 3. The Volmer-fitted exclusion area, A1 (open circles),
and starting point of the second plateau, A2 (open circles), with
linear fits (lines). The dash line shows the area A1

calc of a single
molecule laying flat on the surface, as calculated from the
molecular dimensions. The second plateau is observed for n g
14 only. The decrease in A1 below the lines for n e 8 is discussed
in the text.
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plateau (in most cases with a small slope), then a step to
a second, higher, plateau. When a molecular area of A ∼
30 Å2/molecule is reached, a faster rise in the surface
pressure is observed with decreasing A until the film
collapses at A e 20 Å2/molecule, when we start observing
small crystallites on the otherwise clean mercury surface.
The “two step” structure suggests the existence of both a
single- and a double-layer phase of flat-lying molecules.
As found in the stearic acid study22 the precollapse rise
in the isotherm is due to phases of standing up molecules,
rendering the second, higher-π, plateau a coexistence
region between lying down and standing up phases.

For 8 e n e 12 no second plateau and a rather sloping
first plateau are observed. The bend at A1 becomes less
pronounced and practically disappears for C7OOH. The
surface pressure at the bend also decreases with decreas-
ing n, yielding a shorter existence range for, and perhaps
incomplete coverage of the surface by, a single layer of
surface-parallel molecules. This phase seems to disappear
completely for C7OOH and shorter chain lengths. This
suggested trend is supported also by the observed n-
dependence of the fitted exclusion areas. For 10 e n e 24
the measured A1 values are well approximated by A1 )
[(6.5 ( 0.4)n + (0 ( 6)] Å2/molecule, but for n e 8 the
values fall below the line, indicating that at A1 a molecule
occupies a surface area less than that required for a
surface-parallel orientation. The exclusion area fitted for
C7OOH, A1 = 23 Å2/molecule, is, in fact, close to the ∼20
Å2/molecule occupied by a standing-up molecule. This
suggests that the shorter-chain molecules tend to stand
up already in the higher A parts of the isotherm and thus
show a phase sequence closer to that of Langmuir films
of fatty acids on water.

The areas at the beginning of the second plateau also
grow linearly with n: A2 ) [(3.3 ( 0.4)n + (1 ( 8)] Å2/
molecule, very close to A1/2 and A1

calc/2. This, and our
earlier results for C18OOH on mercury,22 suggests that
the step at A2 occurs on the completion of a double layer
of flat-lying molecules. The isotherms show a clear trend
of sharper transitions between the regimes, and flatter
plateaus, with increasing molecular lengthn. This, in turn,
indicates a better ordering of the molecules in the
condensed layers for longer molecules. The structural
suggestions made in this section, based on the isotherms,
are further examined below in the light of the X-ray
measurements described in the next section.

IV. Results: X-ray Measurements
X-ray reflectivity and GID measurements were gener-

ally done at the high A end and the middle of each plateau
and close to the low A ends of the isotherms, where a
strong rise in the surface pressure is observed. We now
describe the X-ray results for two fatty acids, C14OOH
and C24OOH, showing a different phase behavior and
sequence for the standing-up but similar behavior for the
lying-down phases. For completion, a very short summary
of our previously published results for C18OOH31 will also
be given.

We discuss first the surface-normal structure at all
coverages, and the in-plane structure of the more familiar
monolayer phases of standing-up molecules, at A e 30
Å2/molecule. The more novel in-plane structure of the
single and double layers of flat-lying molecules observed
for A g 40 Å2/molecule and, in particular, their variation
with chain length and temperature will be discussed
separately at the end of this section, to point out
n-dependent trends in these novel phases.

A. C14OOH. 1. Surface Normal Structure. Figure
4a shows a set of reflectivities measured (points) at room

temperature (RT) for C14OOH at the areas per molecule
listed and shown by arrows in Figure 4c. The curves are
normalized to the Fresnel reflectivity, RF(qz), of an ideally
flat and smooth mercury surface. The box model employed
yields good fits (lines). The corresponding electron density
profiles are shown in Figure 4b, with the mercury/alkane
interface at z ) 0, and the Langmuir film at negative z
values. The parameter values obtained from the fit are
summarized in Table 2. They allow a clear identification
of the various phases, and the corresponding features in
the isotherm shown in Figures 2 and 4c. All roughness
values of the mercury-fatty acid and the fatty acid-air
interfaces were in the range 0.9-1.5 Å, close to those of
a pure mercury surface.19 As listed in the table, and shown
by arrows in Figure 4c, with increasing coverage, SL and
DL phases of lying-down molecules and a monolayer (ML)
phase of standing-up molecules are found, with a coexist-
ence region between the standing-up and lying-down
molecules. The standing-up ML phase is found to be 18.6
Å thick. This is slightly less than, but close to the extended
length of a C14OOH molecule, 19.6 Å, indicating a phase
of almost untilted standing-up molecules.

2. Surface Parallel Structure. To study the molecular
tilt and the in-plane structure of C14OOH, we have carried
out GID and BR measurements. These measurements
were done at several temperatures to elucidate the
temperature dependence of the structure. The GID scans

Figure4. (a) Measured,Fresnel-normalizedX-ray reflectivities
(points) for C14OOH on mercury and their model fits (lines) for
the listed area per molecule, taken at RT. (b) The electron
density profiles derived from the fit. The curves marked SL
and DL denote the thicknesses of the single and double layer
of lying-down molecules and ML the thickness of a monolayer
of standing-up molecules. (c) The isotherm, with arrows marking
the positions where X-ray data were measured. The XR in (a)
show from bottom to top the successive growth of two layers of
flat-lying molecules, a coexistence between a standing-up phase
and a two-layer lying-down phase, and a phase consisting of
standing-up molecules only. The curves in both parts of the
figure are shifted for clarity.

Table 2. Nominal Coverage (A) According to the
Isotherms, Layer Thickness (d), Phase, Fractional

Coverage of the Topmost Layer in % (Top), and the
Roughness of the Fatty Acid-Air (σFat) and the

Mercury-Fatty Acid (σHg) Interfaces, As Obtained from
Fits to the XR Curves in Figure 4 for a C14OOH Layer at

T ) 25 °C

A, Å2 d, Å phase top, % σFat, Å σHg, Å

88 4.8 SL 100 0.9 1.1
64 9.6 DL 40 1.2 1.3
48 9.6 DL 100 1.0 1.2
30 18.5 ML 30 1.2 1.0
20 18.6 ML 100 1.5 1.2
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are shown in Figure 5 for the same coverage of 20 Å2/
molecule, except for the bottom curve that was taken at
T ) 27.0 °C and a coverage of 30 Å2/molecule.

For all measured temperatures T and coverages A e 30
Å2/molecule, i.e., for the standing-up phases, a single GID
peak was observed, indicating an undistorted hexagonal
unit cell. While the width of the GID peaks does not change
significantly with temperature, the peak positions clearly
change linearly with T, as shown in Figure 5b. Assuming
the peak shift to result only from thermal expansion, the
expansion coefficient obtained from a linear fit to the peak
positions at Figure 5b is (dd /dT)/d ≈ (6.5 ( 0.6) × 10-4

K-1. This is very close to the linear expansion coefficients
of bulk hexagonal rotator phase RII of alkanes, 6.5 × 10-4

K-1,39 and of the solid surface-frozen monolayer in alkane
melts, 9 × 10-4 K-1.40 The BR shown in Figure 5c does not
change with temperature. The fact that its peak is at qz
) 0 indicates that the molecules are untilted, to within
θ e 3°, from the surface normal. This structure is the
same as that observed for a Langmuir film of C14OOH
on water at similar temperatures and at the highest
coverage. No tilted phases were observed for C14OOH on
mercury for any other coverage A, as was found also for
C14OOH on water.41 The GID peaks at coverages of 20
and 30 Å2/molecule were both measured at T ) 27.0 °C.
The peak positions, q| ) 1.502 Å-1 and q| ) 1.486 Å-1,
respectively, indicates a larger unit cell with A ) 20.6
Å2/molecule for 30 Å2/molecule, as compared with the A
) 20.2 Å2/molecule for 20 Å2/molecule. The peaks’ full
width at half-maximum for the lower coverage is signifi-
cantly larger than that of the high coverage: ∆q| ) 0.036
Å-1 at A ) 30 Å2/molecule, as compared to ∆q| ) 0.016 Å-1

at A ) 20 Å2/molecule. This, in turn, yields a shorter
crystalline coherence length of L ) 0.9π/∆q| ≈ 160 Å at
the lower coverage, as compared to L ≈ 350 Å for the high
coverage. This reduction in coherence length may result
from the coexistence of two phases on the surface at this
coverage: regions of hexagonally packed, standing-up

molecules, enclosed within a double layer of lying-down
molecules. At the highest coverage, all results (the
hexagonal symmetry, the linear expansion coefficient and
the coherence lengths) strongly support the conclusion
that the standing-up phase is an hexatic-like LS rotator
phase, similar to that of Langmuir films on water.3

For the lying-down phases no in-plane GID peaks were
detected at room temperature, indicating that no long-
range in-plane order exists.

B. C18OOH. The results for the standing-up phases of
C18OOH have been already published31 and will be
summarized here only briefly. Similar to C14OOH, for
the standing-up monolayer phase of C18OOH, we observe
an LS phase3 at the highest coverage with lattice constants
and coherence lengths similar to those of C14OOH.
However, unlike C14OOH, tilted phases were found in
this regime for C18OOH. We find an Overbeck-Möbius
phase (Ov)3 which has a next-nearest-neighbor tilt of the
molecules in the standing-up phase, with a distorted
hexagonal packing in the mercury plane and an undis-
torted hexagonal packing in the plane perpendicular to
the molecules’ long axis. As is typical for these phases,
increasing the coverage causes a continuous decrease in
the tilt angle and a continuous shift of the Ov phase into
an untilted LS phase. For low coverages, lying-down
phases, GID measurements at room temperature reveal
here a one-dimensional in-plane order, quite unlike the
in-plane-disordered lying-down phase of C14OOH. These
results are further discussed at the end of this section.

C. C24OOH. 1. Surface-Normal Structure. The XR
measurements carried out for C24OOH at several different
coverages are shown in Figure 6. The fit parameters are
summarized in Table 3. The same fitting procedures were
used as for C14OOH.

Beginning with the 161, 116, and 76 Å2/molecule curves,
we observe the formation of a full single layer, coexistence
of a single layer and a double layer, and a 100% complete
double layer, respectively. The two scans at high coverage,
27 and 21 Å2/molecule, were taken for the same sample
for each pair. However, the upper curve of each pair was
taken 1 h later than the lower curve of the pair. For 27
Å2/molecule the fits of both scans result in 60% of the area
being covered by a monolayer of standing-up molecules
and 40% being covered by a double layer of lying down
molecules. Despite the same relative coverage, a com-
parison of the XR curves reveals a clearly visible decrease
in the oscillation period. As shown in Table 3, this

(39) Sirota, E. B.; Singer, D. M.; King, H. E., Jr. J. Chem. Phys. 1994,
100, 1542.

(40) Ocko, B. M.; Sirota, E. B.; Deutsch, M.; DiMasi, E.; Coburn, S.;
Strzalka, J.; Zheng, S.; Tronin, A.; Gog, T.; Venkataraman, C. Phys.
Rev. E 2001, 63, 032602.

(41) Fradin, C.; et al. Eur. Phys. J. B 1998, 1, 57.

Figure 5. GID scans for the standing-up phase of C14OOH.
(a) GID scans at A ) 20 Å2/molecule for the listed temperatures
and for A ) 30 Å2/molecule for T ) 27.0 °C. The single peak
found indicates an hexagonal in-plane structure. (b) The
temperature dependence of the GID peak’s position. (c) BR for
A ) 20 Å2/molecule at T ) 27.0 °C showing a monolayer of
untilted molecules. There were no measurable differences in
the BR for the different temperatures.

Figure 6. Same as Figure 4, but for C24OOH. Note the
formation of a single and double layer of flat-lying molecules.
The tilted and untilted standing-up phases observed at 21 and
27 Å2/molecule are discussed in the text.
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corresponds to an increase in the thickness of the standing-
up part of the monolayer from 28.5 Å for the first scan to
32.3 Å for the later scan. The second of these values equals
the extended length of a C24OOH molecule, l ≈ 32.2 Å.
The same behavior occurs for the higher coverage.
However, in this case both curves yield a 100% coverage
by a monolayer of standing-up molecule, without a trace
of a contribution from a lying-down phase. This suggests
that upon increasing the coverage above that of a complete
double layer of lying-down molecules, some of the mol-
ecules start forming a standing-up tilted phase with a tilt
of θ ≈ arccos(28.7/32.2) ) 27° from the surface normal.
For rigid chains this corresponds to a shift, due to tilt, of
two carbons along the chain in adjacent molecules, as
expected from the requirement of space filling in closely
packed chains, and as indeed found in SAMs of al-
kanethiols on gold substrates.24 The change with time
indicates that this phase is metastable and transforms
with time to an untilted monolayer phase.

2. Surface-Parallel Structure. To determine the in-
plane structure of the tilted and untilted standing-up
monolayer phases, we carried out GID measurements at
different coverages and temperatures. To follow possible
changes with time of the in-plane structure that might
accompany the variations found in the XR results, we
also carried out time-dependent GID scans at a few
coverages. A typical time sequence is shown in Figure 7.
We show here equal-intensity contour plots of the GID
peaks for a coverage of 27 Å2/molecule. The scans were
taken 15, 50, 60, and 90 min after film deposition. We
observe at least three different phases and often also a

coexistence of some of the phases. The sequence of
metastable phases terminates after slightly over 1 h in a
crystalline CS phase3 with a body-centered rectangular
unit cell and a herringbone packing of the molecules.

We focus first on the transient phases and return below
to discuss in detail the stable CS phase and it’s temper-
ature dependence. Figure 7a shows two peaks at q|1 )
1.316 Å-1, qz1 ) 0.45 Å-1 and at q|2 ) 1.512 Å-1, qz2 ) 0.38
Å-1. These two peaks often appear together immediately
after deposition of new material on the mercury surface.
Attempts to associate them with a single phase results in
an unphysical unit cell. Moreover, since they disappear
rather quickly (a few minutes after deposition), it is not
clear whether they are the only first-order peaks of this
particular phase or whether other peaks may exist
somewhere else in q-space. This pattern is replaced within
a few minutes by the pattern shown in Figure 7b. Here
we find two GID peaks as well, which, contrary to those
in Figure 7a, exist for up to a few tens of minutes and can
be measured therefore with better reproducibility and
accuracy. Their peak positions are q|1 ) 1.300 Å-1, qz1 )
0.66 Å-1 and at q|2 ) 1.447 Å-1, qz2 ) 0.38 Å-1. They can
be assigned to the (02) and (11) diffraction peaks of a
body-centered rectangular cell with dimensions a ) 9.66
Å and b ) 4.86 Å and two molecules per unit cell. A detailed
fit to the corresponding GID pattern and Bragg rods,
shown in Figure 8, yields a tilt angle of θ ) 27° in a direction
rotated azimuthally by φ ) 5° from the next nearest
neighbor direction. This yields a unit cell in the plane
perpendicular to the molecular long axis, with the lattice
parameters a ) 4.86 Å, b ) 8.62 Å and with a molecular
area of A ) ab/2 ) 20.9 Å2/molecule. The ratio of b/a )
1.77 is close to 31/2 ) 1.73, which indicates a hexagonal
hexatic-like rotator phase. This phase is very similar to
the Ov phase observed for stearic acid (C18OOH) on
mercury at high coverages (see ref 22 and summary above)
except that for lignoceric acid (C24OOH) the peak positions
and tilt angles do not change with coverage. Another
difference is the significantly sharper GID peaks, which
are close to the resolution limit, ∆q|res ) 0.0056 Å-1. The
full width at half-maximum (fwhm) of the peaks, ∆q| ≈
0.009 Å-1, indicates a large crystalline coherence length,
of the order of 800 Å. This can be rationalized by the
stronger chain-chain interaction of longer chains, which
drives the system toward a closer packing and longer-
range order in the crystalline layer.

Figure 7. Equal intensity contour plots of the time-dependent
GID measurements for C24OOH at a coverage of A ) 27 Å2/
molecule. The scans from (a) to (d) were taken 15, 50, 60, and
90 min after film deposition.

Table 3. Nominal Coverage (A) According to the
Isotherms, Layer Thickness (d), Phase, Fractional

Coverage of the Topmost Layer in % (Top), and the
Roughness of the Fatty Acid-Air (σFat) and the

Mercury-Fatty Acid (σHg) Interfaces, As Obtained from
Fits to the XR Curves in Figure 6 for a C24OOH Layer at

T ) 25 °C

A, Å2 d, Å phase top, % σFat, Å σHg, Å

161 4.8 SL 100 1.3 1.2
116 9.6 DL 40 1.2 1.2
76 9.6 DL 100 1.5 1.2
27 28.5 ML 60 1.1 1.0
27 32.3 ML 60 1.1 1.6
21 28.7 ML 100 1.4 1.1
21 32.2 ML 100 1.4 1.5

Figure 8. (a) GID scan and (b, c) BR of the contour plots shown
in Figure 7b. The fits yield a body-centered rectangular unit
cell with molecules tilted by θ ) 27° in a direction rotated
azimuthally byφ ) 5° from the next-nearest-neighbor direction.
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The tilted Ov-like phase, discussed in the last para-
graph, converts within about 1 h into a crystalline CS
phase, the GID pattern of which is shown in Figure 7d.
Similarslowrelaxation,going throughacomplicatedphase
sequence, was also found for Langmuir films of tetra-
cosanoic acid on water.42 During the conversion, a
coexistence of the two phases is observed, with the GID
patterns showing the peaks of both phases (Figure 7c).43

The CS phase is crystalline with a herringbone ordering.3
At room temperature, its two lowest peaks are observed
at qz ) 0 Å-1 and q|(11) ≈ 1.512 Å-1 and q|(02) ≈ 1.688
Å-1. This corresponds to two untilted molecules in a body-
centered rectangular unit cell of dimensions 5.02 × 7.44
Å2. The resultant molecular area, 18.6 Å2/molecule, equals
the closest packing of crystalline alkyl chains of, e.g.,
Langmuir films on water,3 the untilted phase of the â
modification of bulk crystalline fatty acids45 and alkanes,45

and surface-frozen monolayers on alkane melts.44

The temperature dependence of the herringbone CS
phase is shown in Figure 9 at 10, 19, and 25 °C. The peaks
move from q|(11) ) 1.512 Å-1 and q|(02) ) 1.688 Å-1 at
T ) 25 °C to q|(11) ) 1.516 Å-1 and q|(02) ) 1.712 Å-1 at
T ) 10 °C. The corresponding unit cell vectors change
from a ) 5.01 to 5.02 Å and from b ) 7.44 to 7.34 Å upon
decreasing the temperature. Thus, the thermal expansion
of this phase is highly unisotropic. While the length of the
unit cell hardly changes with T in the a direction, in the
b direction the linear expansion coefficient is (db/dT)/b ≈
9 × 10-4 K-1. This is ∼40% higher than the isotropic
expansion coefficient of ∼6.5 × 10-4 K-1 of the LS phase
of C14OOH, discussed above.

The packing of the molecules in the unit cell is very
dense, and the area per molecule shrinks from 18.6 to
18.4 Å2/molecule over this temperature range. The peak
width for the herringbone packing is always resolution

limited, indicating a crystalline coherence length of more
than 1000 Å, at all temperatures. It is interesting to note
that upon prolonged exposure to the beam, the peak width
is observed to increase, and the peak moves to lower q|

values. These symptoms, well-known from conventional
crystallography, indicate the proliferation of X-ray induced
defects in the (two- and three-dimensional) crystalline
structure.

In conclusion, for C24OOH, although an Ov-like phase
of tilted molecules (∼27°) is observed on short time scales
following film deposition, the final, equilibrium phase at
room temperature and below is always a crystalline CS
phase with a high density of 18.5 Å2/molecule. This is in
contrast with C18OOH, where an equilibrium Ov phase
was observed, and with C14OOH, where a hexagonal
untilted rotator phase is the equilibrium phase at the
highest coverages.

D. The Structure of the Lying-Down Phases. We
now discuss our GID and BR measurements of the lying-
down phases of fatty acids on mercury. Figure 10 shows
the GID patterns measured at low q| values for the fatty
acids indicated. The patterns were recorded each for a
coverage corresponding to two layers of lying-down
molecules. Scans for a coverage of a single layer of lying-
down molecules yield the same patterns, but beam damage
by the intense synchrotron radiation becomes a more
serious problem and prevents employing the long mea-
suring times required for achieving good statistics. No
variation is observed in the patterns upon varying the
coverage within the lying-down phase. In view of the fact
that in-plane GID peaks appear for C14OOH only below
T ) 18°, the GID pattern shown was recorded at T ) 5
°C. The GID peaks of C18OOH and C24OOH were
observed for all temperatures measured, 5 °C e T e 30
°C. All peaks are resolution limited, suggesting a crystal-
line coherence length in excess of 1000 Å. All scans show
four diffraction peaks at positions which are multiples of
the lowest-q| peak position in each curve. These are q| )
0.1477 Å-1, q| ) 0.1201 Å-1, and q| ) 0.0932 Å-1,
corresponding to repeat distances of d ) 42.5 Å, d ) 52.3
Å, and d ) 67.4 Å, for C14OOH, C18OOH, and C24OOH,
respectively.

The respective calculated fully extended molecular
lengths are 19.6, 24.6, and 32.2 Å for C14OOH, C18OOH,
and C24OOH, rendering the repeat distances longer by
3.0-3.3 Å than twice the molecular length. This, in turn,

(42) Schwartz, D. K.; Schlossman, M. L.; Pershan, P. S. J. Chem.
Phys. 1992, 96, 2356.

(43) On a few occasions the tilted phase peaks disappeared without
the peaks of the untilted phase showing up. This may result from the
formation of a disordered, or highly defective, phase. However, it may
also result from a formation of an ordered phase consisting of a few
large single-crystalline domains, rather than a two-dimensional powder
comprising many small domains. In this case it is possible that peaks
are not observed because none of the few existing domains happens to
be oriented correctly for Bragg-diffracting the incident radiation into
the detector.

(44) Ocko, B. M.; et al. Phys. Rev. E 1995, 63, 32602.
(45) Small, D. M. The Physical Chemistry of Lipids; Plenum: New

York, 1986.

Figure 9. GID patterns for the CS crystalline phase of the
standing-up monolayer of C24OOH at a nominal coverage of
A ) 21 Å2/molecule, at the indicated temperatures.

Figure 10. GID curves measured for the lying-down phases
of C14OOH at T ) 5 °C and C18OOH and C24OOH at T ) 26
°C; the inset shows a BR for a double layer of lying-down
molecules. The BRs of all GID peaks were found to be identical.

5382 Langmuir, Vol. 20, No. 13, 2004 Kraack et al.



strongly suggests that the order is formed by molecular
dimers rather than individual molecules. The two car-
boxylic headgroups reside, most likely, at the center of
the dimer, and their interaction stabilizes the dimer. Since
the excess ∼3 Å length renders the distance between the
carboxylic groups most probably too large for hydrogen
bonding, it is likely that at least one Hg atom participates
in the bonding at the center of the dimer. This suggestion
is supported, albeit circumstantially, by the 2.8-3.0 Å
diameter of the mercury atom (or ion)47 and by the ∼3.2
Å interatomicdistanceat the freesurfaceofmercury, taken
from the liquid peak position in our previous reflectivity
and GID measurements on bare mercury.19,23 It is also
supported by the exceptionally strong GID peaks which
suggest that the ordered phase comprises scatterers of
high electron density.

All chain lengths studied exhibit the low-q| peaks
indicating ordering in the direction of the molecular axis.
The peaks show similar characteristics for all chain
lengths: position commensurate with twice the molecular
length, sharppeakswithresolution-limitedwidths, several
diffraction orders, etc. By contrast, the very existence of
GID peaks at q| ≈ 1.3 Å-1, which corresponds to order in
the direction perpendicular to the molecular axis, is very
different for different chain lengths. The q|-range studied
was 1.15 e q| e 1.35 Å-1. This corresponds to repeat
distances 4.65 Å e l e 5.46 Å, which can be expected from
close, or even loose, packing of molecules of widths ∼4.8
Å, as discussed above. For C14OOH no GID peaks could
be observed in this range for all temperatures studied, 5
°C e T e 27 °C. For C18OOH, while no GID peaks were
found in this q|-range at room temperature, below T ) 20
°C a single GID peak, shown in Figure 11a, was observed
at q| ) 1.302 Å-1. This corresponds to a repeat distance
of l ) 4.83 Å, which is typical of interchain distances of
alkyl chains in several close-packed two- and three-
dimensional systems. The intensity of this peak is,
however, rather low and the points of the corresponding
BR, shown in Figure 11b in open circles, are even more
so. Unfortunately, beam damage does not allow collecting
data with better statistics. Thus, the quality of the
available BR is insufficient for a detailed modeling with
a reasonable level of confidence. Nevertheless, the data

are reasonably consistent with a model, shown by the
solid line in Figure 11b, of a double layer of flat-lying
cylindrical molecules, where the molecules in the second
layer lie in the hollows of the molecules in the first layer.
Connecting the centers of the cross sections of two adjacent
cylinders, one in the first layer and the other in the second
layer, yields a line tilted by 30° from the surface normal.
Thus, the BR should resemble that of a tilted molecular
phase, as indeed it does, see, e.g., part b or c of Figure 8,
making allowances for the much narrower BR peak there.
The BR’s peak here is at qz ≈ 0.7 Å-1, yielding a tilt of φ
) arctan(0.7/1.302) ) 28°, which agrees well with the
expected value. It is interesting to note that despite the
low intensity of the GID peak, its width has the same
resolution-limited value as that of the longitudinal GID
peaks, indicating an ordering coherence length in excess
of 1000 Å.

In contrast with the shorter chain length fatty acids,
C14OOH and C18OOH, for the lying-down phases of
C24OOH at room temperature, we could readily observe
two diffraction peaks, shown in Figure 12, at q| ) 1.262
Å-1 and 1.312 Å-1. The corresponding repeat distances
are 4.98 and 4.79 Å and hence belong to ordering
perpendicular to the molecular axis, as discussed above.
As can be seen in Figure 12b for the q| ) 1.262 Å-1 GID
peak, the BR peaks at q| ) 0 Å-1 and a fit (line) yields a
width corresponding to d ≈ 5 Å, i.e., that of a single lying-
down layer. For the q| ) 1.312 Å-1 GID peak the BR peaks
at qz ≈ 0.66 Å-1 and can be fitted (line) by a ∼27°-tilted
layer of 10 Å thickness, which corresponds to a double
layer of lying-down molecules, where the molecules of the
second layer reside in the hollows of the first layer. The
rather large, ∼0.2 Å, shrinking of the repeat distance from
the single to the double layer is a manifestation of the
much stronger van der Waals intermolecular interaction
within the layers, due to the existence of a second layer,
which causes a tighter packing.

We now compare the molecular areas of the lying-down
molecules obtained from the X-ray measurements and
from fits to the exclusion areas of the isotherms. Assuming
a molecular width of 4.8 Å, obtained from the GID and
also the XR measurements on the lying-down phases, the
unit cell lengths obtained from the GID measurements
yield molecular areas of 102, 126, and 162 Å2/molecule for
C14OOH, C18OOH, and C24OOH, respectively. From the
relation Ad/2 ) (6.6n + 5) Å2 obtained above for the
exclusion area from isotherm fits assuming dimers, we

(46) Kraack, H.; Ocko, B. M.; Pershan, P. S.; Sloutskin, E.; Tamam,
L.; Deutsch, M. Langmuir 2004, 20, 5386.

(47) Emsley, J. The Elements, 3rd ed.; Clarendon: Oxford 1998.

Figure 11. GID peak (a) of the lying-down double-layer phase
of C18OOH. The BR (b) is consistent with a double layer, with
the top layer’s molecules residing in the hollows between the
molecules of the bottom layer.

Figure 12. GID (a) and BR (b) patterns measured (points) and
model-fitted (lines) for the lying-down phases of C24OOH at
room temperature. The GID and BR peaks correspond to a
single- (SL) and a double-layer (DL) of lying-down molecules.
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obtain 97, 124, and 163 Å2/molecule for C14OOH,
C18OOH, and C24OOH, respectively. The two sets of
numbers are obviously in very good agreement.

To summarize the structure of the lying-down phases,
the basic building block of the structure in these phases
consists of extended molecular dimers, bound at their
center by the two carboxylic headgroups and perhaps
incorporating at least one mercury atom. At room tem-
perature, C14OOH shows no in-plane order at all.
C18OOH shows a one-dimensional ordering along the
dimer’s long axis, but no order in the direction perpen-
dicular to the dimer’s long axis. This can be regarded as
a one-dimensional, smectic-like order in a quasi-two-
dimensional layer. C24OOH exhibits a two-dimensional
crystalline structure, with order both along, and perpen-
dicular to, the dimers’ long axis. In C14OOH a 1D order
along the dimer’s axis can be induced by lowering the
temperature to T ) 18 °C. The 1D order in C18OOH is
converted to a 2D order, like that of C24OOH at room
temperature, by lowering the temperature below T ) 20
°C. The dimers in the top layer of the double-layer phase
are found in all cases to reside in the hollows of the dimers
of the first layer.

E. The Phase Diagram. From the combined surface
tensiometry and X-ray measurements, we can construct
a preliminary phase diagram. Note, however, that al-
though isotherms were measured for a broad range of
lengths n, the X-ray data were measured only for C14OOH,
C18OOH, and C24OOH.

The room-temperature projection of the three-dimen-
sional (A, n, π) phase diagram on the (n, π) plane is shown
in Figure 13. When looking at this plot, one must bear in
mind that as A is decreased from a large value of a few
hundred Å2, π increases monotonically, but certainly not
linearly: there are A ranges where π increases hyperboli-
cally, where it stays constant, and where it increases with
a large and varying slope. Film collapse, at A j 20 mN/m,
marks the transition from a quasi-2D monolayer to 3D
crystallites. This is marked in a bold solid line in the figure.

For C7OOH and shorter chain lengths, as the molecular
area A is reduced the surface pressure π starts increasing
from near-zero only when the A values become very close
to that of standing-up molecules, a few tens of mN/m.
Thus, for n e 7, no lying-down phases seem to exist, and
the only phase is a monolayer of standing-up molecules.
For 8 e n e 12 a single layer of lying down molecules, SL,

followed by a monolayer of standing up molecules, ML,
are most likely formed upon decreasing A. Conclusive
X-ray measurements in these ranges are difficult to carry
out due to the relatively small aspect ratio of the molecules,
which make it difficult to distinguish standing-up from
lying-down phases. Moreover, hints from corresponding
films on water are not available because of the larger
solubility of these short chain fatty acids in water. Also,
the 3-fold higher surface roughness of water, as compared
to mercury, severely restricts the measurable qz range
and, hence, the correspond resolution.

For n ) 14 the X-ray and isotherm data show disordered,
liquidlike SL and DL phases of lying-down molecules
followed, at higher π values, by a standing-up LS rotator
phase. For n ) 18 the DL phase shows a smectic-like one-
dimensional in-plane order of dimers. At about the same
n-range the standing-up monolayer starts showing an
additional hexatic phase: untilted LS and tilted Ov.
Somewhere between n ) 18 and n ) 24 both the lying-
down and standing-up phases become more ordered. The
lying-down phases show a two-dimensional crystalline
order of dimers, and the standing-up phases show a fully
crystalline herringbone CS structure, although a transient
Ov structure is often also observed for short periods
following the deposition. In general, therefore, the order
grows with increasing chain length and decreasing tem-
perature. For example, at room temperature the DL phase
of C14OOH is not ordered, C18OOH is smectic like and
C24OOH is crystalline. This trend is in line with the
behavior of fatty acid Langmuir films on water, where an
increase in the chain length was found to be equivalent
to a decrease in temperature. Once this effect, properly
quantified, was taken into account, the (n, π) phase
diagrams of all fatty acids on water, regardless of their
chain length, collapsed onto one “universal” phase dia-
gram.3,13 Quantitative establishment of, or ruling out, a
similar behavior for films of fatty acids on mercury will
have to await the availability of a more complete set of
data on the temperature dependence of the phase diagram
than the few measurements carried out in this study.

In general, the high-coverage standing-up phases of
fatty acids on mercury are all very similar to the phases
of fatty acids on water, despite the fact that they cover
here a very small part of the full (n, π) phase diagram.
The high pressure at which these standing-up phases
appear on mercury seems to suppress almost everywhere
on the phase diagram the tilted phases observed for fatty
acids on water. For C14OOH we did not observe tilted
phases at all. For C24OOH we observed tilted phases, but
with different symmetries than those of C24OOH on water.
Moreover, the observed tilted phases were found to be
unstable at all coverages and convert with time to the
crystalline untilted CS phase. Only C18OOH exhibits here
the same tilted and untilted phases found for C18OOH
monolayers on water. For the highest coverage the phase
sequence at room temperature and below seems to be the
same as that of Langmuir films of fatty acids on water,
but additional temperature and chain length dependent
measurements are needed to quantify this assumption
confidently.

The discussion above demonstrates that many details
of the phase diagram can be derived from the isotherms
and the (somewhat sparse) X-ray data presented here.
Thus, although the general features of the phase diagram,
as shown in Figure 13, are well determined, the exact
assignments of phase boundaries in the (n, π) plane, and
the determination of their exact temperature variation,
will have to await more detailed X-ray measurements.

Figure 13. Surface pressure (π)-chain length (n) phase
diagram for fatty acid films on mercury. For discussion, see
text.
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The phase diagram in Figure 13 can be used to derive
a rough estimate for the adsorption energies, through a
comparison of the heat of vaporization with the surface
pressure at the transition from the single-layer lying-
down phase to the standing-up monolayer, marked by the
bold dashed line. The details of the method are discussed
in our previous publication on Langmuir films of alkanes
on mercury.23 In a simplified view, the surface pressure
π should be equal to the difference between the adsorption
energy Eads and the heat of vaporization ∆Hvap. A fit of the
simple theoretical expression derived in ref 23 to the
experimental data, shown in a dash line in Figure 13,
yields adsorption energies of 5.3 kJ/(CH2 mol) for a methyl
group and Eads ≈ 28 kJ/(CHOOH mol) for the carboxylic
headgroup. The result for a methyl group agrees very well
with the 5.4 kJ/(CH2 mol) obtained from alkanes on
mercury.23 The adsorption energy of the carboxylic head-
group is five times larger, making the headgroup adsorp-
tion energy comparable to that of the full alkyl chain in
short molecules. Vertical orientation of the molecule
relative to the surface maximizes the headgroup-sub-
phase contact, while surface-parallel orientation maxi-
mizes the alkyl-subphase contact. Thus, the relative
magnitude of these two interactions will determine the
molecular orientation at the surface at low surface
pressures. When the former is larger, at short chain length,
the molecules stand up spontaneously at low pressures.
When the later is larger, at longer chains, the molecules
tend to lie down and can be induced to stand up only by
increasing the pressure. This explains our observation of
only a standing-up phase at n e 7 and a sequence of a
lying down phase at low π followed by a standing up phase
at higher π at higher n. The large adsorption energy of the
headgroup also explains why short-chain fatty acids form
Langmuir films on mercury, while the same-length
alkanes do not form Langmuir films on mercury, and
rather prefer to form 3D crystallites.23 The transition
among the various phases found, and the very existence
of a the lying-down phases, can be rationalized, in
principle, within a balance among several competing
interactions. A major factor is the Hamaker constant of
the liquid metal-organic film-vapor system which is large
and positive in contrast with the small and negative
Hamaker constant found for Langmuir films on water.
This favors here a thin layer of lying-down molecules over
a thick layer of standing-up molecules (albeit consisting
of islands), as found on water. Other factors are the bulk
cohesive energy, which favors standing-up molecules with

maximal chain contact, as in bulk, the interaction of the
acidic headgroup with the mercury (attractive) and the
chains (repulsive) and the attractive chain-mercury
interaction. Work on these issues is in progress.

F. Conclusion

The major features of the phase behavior of fatty acid
films on mercury were determined in the present study.
Unlike fatty acid molecules on water, which show only
standing-up phases,3 on one hand, and alkanes on
mercury,23 which show only lying-down phases, on the
other hand, we observed here both lying-down and
standing-up phases. These differences demonstrate the
importance of the subphase as well as the headgroup in
determining the structure of the Langmuir film.

The lying down phases differ from those of alkanes on
mercury by showing disorder, 1D-smectic-like order, and
2D-order of molecular dimers, depending on chain length,
while for alkanes no in-plane order was found for any
chain length. The standing-up phases are found here to
be similar to those of fatty acids on water, with increasingly
higher ordering with chain length. However, due to the
much higher pressures required to generate these phases,
untiltedstablephasesaremostlyobserved,albeit transient
tilted phases do appear for a short time following film
deposition.

Finally, the present results, in conjunction with similar
studies of Langmuir films of alkanes23 and alcohols46 on
mercury should provide for a deeper understanding of the
relative importance and role of the subphase-headgroup
and subphase-alkyl chain interactions in determining
the structure of, and molecular orientations in, these films.
Clearly, the standing-up phases appear only when a strong
headgroup-subphase interaction exists. For alkanes,
lacking such headgroups, only lying-down phases are
found.23 However, more subtle differences in structure
and phase sequence also depend on the relative strength
and nature of these two interactions. These issues will be
addressed in future publications.
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